Rhinovirus (RV) role in pathogenesis of severe childhood disease remains controversial. We aimed to explore the association between RV molecular subtyping, nasopharyngeal viral loads and viremia with childhood pneumonia. Nasopharyngeal and blood samples from cases and controls were tested for RV and the 5′ non-coding region sequenced. The cases compared to controls had a similar prevalence of RV detection in the nasopharynx (23 % vs. 22 %, P = 0.66), similar RV species distribution (A, B, C = 44 %, 8%, 44 % vs. 48 %, 7%, 38 %; respectively; P = 0.66) and similar viral load (4.0 and 3.7 log10 copies/mL, P = 0.062). However, RV-viremia was 4.01-fold (aOR 95 % CI: 1.26-12.78) more prevalent among cases (7%) than controls (2%), P = 0.019. Furthermore, among cases and controls RV-C was more commonly associated with viremia (14 % and 4%, P = 0.023), than RV-A (2% and 1%; P = 0.529). Thus RV-viremia could be used as a measure for attributing causality to RV in children hospitalized for pneumonia.
Introduction
Rhinovirus (RV) has been widely associated with the common cold; however, RV has also been detected in children with severe respiratory disease [1] [2] [3] [4] [5] [6] [7] . However attributing causality of illness to RV is complicated since it is also routinely detected in asymptomatic individuals [8] .
RV's are single stranded positive-sense non-enveloped ribonucleic acid viruses with ≈ 7.2 kb genome. Presently more than 100 types have been classified into 3 species -RV-A: 74 known types, RV-B: 25 types, and most recently classified RV-C with > 50 types [6, [9] [10] [11] . The vast diversity of RV types may account for the differences in clinical phenotypes between sick and asymptomatic individuals [12] . Further, studies on children with respiratory tract infection (RTI) have investigated the association of RV viral load and presence of RV-viremia as markers of disease severity [13, 14] . These studies, however, did not enroll asymptomatic controls, which limited any inferences on the association of RV-viremia to disease status or as a marker of disease severity.
were invited to present at the day-clinic for sample collection and clinical evaluation. The controls could have signs and symptoms of respiratory illness as long as they did not fulfil the criteria for severe pneumonia.
Specimen collection and laboratory testing
Upon enrolment, flocked nasopharyngeal (NP) swab (Flexible minitip, Copan®, USA), rayon oropharyngeal (OP) swab specimens and blood specimens were collected from cases and controls. The swabs were placed in the same vial containing 3 mL of Universal Transport Media (Copan®) and kept at 4−8°C for a maximum of 24 h, and then archived at −70°C until tested. Total nucleic acids (NA) were extracted from the swabs using the NucliSens EasyMag extraction system as per manufactures' instructions (bioMérieux, Marcy l'Etoile, France) and were tested by multiplex PCR for evidence of 33 pathogens including RV (FTD-Resp33, Fast-track Diagnostics, Sliema, Malta) [19] . Standard curves were used to calculate pathogen load from PCR cycle threshold values.
Other investigations included blood culture on cases using the BacT/Alert microbial system(Organon Teknika, Durham, NC). Further, induced sputum samples were collected for all cases and tested on the FTD-Resp33 kit; however, the results did not add any additional information beyond that of the NP/OP specimens (substantial kappa concordance = 0.65; P < 0.001); thus they were not included in this analysis nor the aetiology analysis of the entire PERCH study [20] . The NP/OP specimens also had the analytical advantage of being available for both cases and controls.
Determination of RV molecular subtyping
All RV positive NP/OP samples were analyzed using single round PCR assays targeting a 390bp area in the 5′ non-coding region of the RV genome as previously described [21, 22] . The primer sequences were DK001 forward (5′-CAAGCACTTCTGTTTCC -3′) and reverse primer DK004 (5′ -CACGGACACCCAAAGTAGT -3′) using Promega Access RT according to manufacturers' instructions (Promega, Belgium). PCR amplicons were sequenced bidirectionally using the BigDye Terminator V3.1 sequencing kit (Applied BioSystem, Foster City, CA) using the same primers.
The sequences were analyzed and aligned using the ClustalW algorithm implemented in Geneious 4.7.6 [23] , and the resultant consensus sequence was compared with reference RV sequences using the nucleotide-nucleotide BLAST algorithm (http://www.ncbi.nlm.nih.gov) from GenBank in order to identify the RV species (A, B and C). Phylogenetic trees were constructed using neighbor-joining methods using Kimura's 2-parameter technique with bootstrap values estimated with 1000 bootstrap replications [24] with evolutionary analysis conducted in MEGA-6 [25] .
Detection of RV-viremia
The blood samples of all cases and controls testing positive for RV in their NP/OP samples were tested for the presence of RV-viremia using the same primers (DK001 and DK004) and methods as those used for determining the RV molecular subtyping in the respiratory samples. These primers have been validated in previous studies of RV-viremia, and were found to be highly sensitive in blood samples [22] . In addition, blood from 70 cases and 70 controls negative for RV in NP/OP samples, were tested for the presence of RV-viremia. Total NA were extracted from archived blood samples using the NucliSens EasyMag robot(bioMérieux, France) using the blood specific extraction protocol as per manufacturers' instructions.
Statistical analysis
PCR quantifications were log 10 transformed. Chi-squared and Wilcoxon tests were used to analyze the demographic characteristics of cases and controls. Binary, multinomial logistic regression and odds ratio analyses were used to model the prevalence of RV in the study population.
We initially performed a univariate analysis that included age categories, sex, HIV infection and exposure, socio-economic status, severity of pneumonia diagnosis, presence of fever and hypoxia, chest radiographic findings and case fatality ratios as independent variables. Additionally, we also performed univariate analysis for markers of likely bacterial co-infection, presence of different respiratory viruses detected by the FTD33 assay and RV-species. Independent variables identified with a P-value < 0.2 in the univariate analysis were included in the multivariate models. All statistical analyses and reverse cumulative plots were performed using STATA Version 12.1(College Station, TX, USA) and a two-sided P-value < 0.05 was considered statistically significant. The sequences for all RV-positive samples have been deposited in GenBank(MK858576-MK858936).
Results

RV subtyping among cases and controls
A total of 920 cases and 964 controls were enrolled, of whom 23 % (n = 210) and 22 % (n = 212) respectively(P = 0.66) had RV identified on NP/OP samples by PCR. Further, cases and controls with RV infection were similar with regard to median age, HIV-positivity, and RV load; furthermore, there was no discernible NP/OP density threshold for differentiating RV-positive cases from controls on reverse cumulative plot analyses. RV-positive cases compared to RV-positive controls were however more likely to be male (55 % vs. 46 %, adjusted P = 0.027) and malnourished (8% vs. 2%, adjusted P = 0.019); Table 1 . Additionally, the RV-associated cases were 1.95-fold (aOR 95 %CI: 1.28-2.97) more likely to have any respiratory virus co-infection compared to controls (45 % vs. 31 %, P = 0.001), specifically with RSV (16 % vs. 2%, adjusted P < 0.001); Table 1 .
The 5′ NCR of the RV genome was successfully amplified in 99 % (n = 207) and 96 % (n = 213) of case and control NP/OP samples, respectively. The samples that failed to amplify had late cycle threshold values > 35 during FTD analysis, indicating a low density of RV. Furthermore, sequencing analysis established that 4% (n = 9) and 7% (n = 14; P = 0.262) of samples among cases and controls, respectively, were in fact enteroviruses and thus were excluded from further analysis. The proportional distribution of RV species did not differ between cases compared to controls; Table 1 and Fig. 1 .
RV-viremia
Overall, 7% (n = 13) of cases and 2% (n = 4) of controls were identified as having RV-viremia (adjusted P = 0.019). Furthermore, RV-C viremia was 4.43-fold (aOR 95 %CI: 1.22-16.04) more prevalent among RV-C positive cases (12 %, n = 11) than RV-C positive controls (4%, n = 3), adjusted P = 0.023. The positivity rate of RV-viremia among cases differed between RV species, being highest for RV-C (12 %, n = 11), lower for RV-A (2%, n = 2; P = 0.025) and not identified for any of the RV-B cases (0%); Table 2 . For cases and controls with viremia, the RV species detected in blood was identical to the respiratory species and RV-viremia was not detected in any of the cases or controls testing negative for RV in their NP/OP swabs.
The majority of the RV-viremia cases were more than 1 year of age (mean age of 14 months), with no viremia detected in cases < 6 months of age compared to a mean age of 6 months in the viremia negative RVassociated cases (P = 0.001). Further, RV-associated viremic cases were less likely to be hospitalized for ≥5 days compared to non-viremic cases (23 % vs. 62 %, P = 0.006). The presence of viremia among cases was not associated with any of the other features of more severe disease; Table 3 .
Nasopharyngeal RV load
The NP/OP viral load in RV-associated pneumonia cases did not differ by any clinical or demographic characteristics, except the presence of fever (3.82 vs. 4.25 log 10 copies/mL, adjusted P = 0.009). Similarly, RV load among community controls also did not differ by any clinical or demographic characteristics. RV load was, however, higher among controls with symptoms of RTI compared to asymptomatic controls (4.48 vs. 3.77 log 10 copies/mL, P = 0.041); Table 4 . Regardless of the small number of viremic positives, among children with RV-associated pneumonia, the presence of viremia was associated with higher RV load compared to non-viremia cases (4.67 vs. 3.90 log 10 copies/mL, P = 0.028). This difference was mainly driven by the RV-C species (4.72 vs. 3.87 log 10 copies/mL, P = 0.016), whilst not evident for RV-A (P = 0.765). Similarly, among RV-associated controls, the viral load was higher in the presence of viremia compared to the nonviremic controls (4.83 vs. 3.79 log 10 copies/mL, P = 0.018); Table 4 .
Furthermore, there was a discernible NP/OP density threshold of ≥4log 10 copies/mL for differentiating RV-viremia participants from viremia negative participants on reverse cumulative plot analyses; Fig. 2A , B and C, with 93 % of viremic cases and 100 % of viraemic controls compared to only 37 % (P < 0.001) of non-viraemic cases and 38 % (P = 0.012) of non-viraemic controls having a NP/OP viral load ≥4log 10 copies/mL. Furthermore, the same association of a higher percentage of viremic compared to non-viremic cases having NP/OP viral loads of ≥4log 10 copies/mL was observed for infection by RV-C pneumonia cases (100 % vs. 37 %, P < 0.001) and among the RV-C controls (100 %, vs. 42 %, P = 0.048); Fig. 2E and F. There was no difference in the RV load between viremic cases (4.67 log 10 copies/mL) compared to viremic controls (4.83 log 10 copies/mL), P = 0.285.
Discussion
In this case-control study of WHO-defined pneumonia etiology in children under-5 years of age living in South Africa, the prevalence of RV detection by PCR on nasopharyngeal samples did not differ between cases (23 %) and controls (22 %). Furthermore, the molecular subtyping of the RV-positive study participants was similar between cases and controls, thus highlighting the need for additional techniques for determining the true etiological role of RV in disease. We did, however, observe a 4-fold difference in RV-viremia between these two groups (7% vs. 2% in cases and controls, respectively) regardless of the small sample size. These findings could indicate an attributable role of RV infection in the pathogenesis of pneumonia, albeit lower than would have been imputed solely based on RV nasopharyngeal positivity in cases. Thus the focus on identification of RV on nasopharyngeal samples and in the absence of adequate control selection might falsely attributed a greater role of RV to the pathogenesis of pneumonia.
Over-attribution of pneumonia etiology to RV could, however, be partly mitigated by the use of RV-viremia detection, or nasopharyngeal RV load density as a relative proxy for RV viraemia, with a threshold density of ≥4log 10 copies/mL significantly discriminating between RVviremic and non-viraemic cases. Additionally, the detection rates of RV-C viremia were higher than both RV-A and RV-B; in fact, no RV-B viremia cases were detected which is in line with other studies which have also failed to detect viremia due to RV-B [13, 14, 22, 26] . This could be related to the much lower prevalence of RV-B in the population (9% among cases and 8% among controls), but strongly supports evidence to the hypothesis that RV-B might have lower pathogenicity than RV-A and RV-C [27] [28] [29] . The correlation between viremia and high viral loads found in this study concurs with a previous Italian study. They postulated that high viral loads were a prerequisite for viremia, and that viremia was associated with more severe disease [13] . However, in our study, no positive correlations were found between RV nasopharyngeal viral loads and RV-viremia with markers for more severe disease. In fact those with RV-viremia had shorter hospital stays compared to the non-viremia cases. All of the children in this study were hospitalized with severe or very-severe pneumonia whereas the Italian study was conducted in children with both upper and lower respiratory tract which could account for the differences seen in the association of RV-viremia with more severe disease outcomes. Further; the RV-viremia detection rate in our study (7%) was lower than reported in previous studies (11 %-12 %) [13, 14, 22] , although all of the cited studies were conducted in children less than 14 years of age hospitalized with upper or lower RTI; whereas, we only enrolled children 1-59 months of age hospitalized with pneumonia. In a study from Greece [14] , 11 % of hospitalized RV nasopharyngeal positive children had RV-viremia, the majority (70 %) of the RV-viremia positive cases presented with asthma exacerbations, whilst no RV-viremia cases were detected among children hospitalized with RV-associated pneumonia. Similarly, in the Philippines study [22] , the majority (73 %) of the RV-viremia positive cases were in children presenting with wheezing disease. Thus the low viremia detection rates reported in our study could be related to cases receiving a bronchodilator challenge prior to enrolment, which sought to exclude children with responsive hyperactive airway disease from being enrolled. Importantly, none of the above-mentioned studies enrolled controls. In our study, viremia and high RV loads was seen among both cases and controls indicating the need for inclusion of controls in epidemiology studies on the role of RV in the pathogenesis of pneumonia. Of the four controls positive for RV-viremia, one had an upper RTI and the remaining three were asymptomatic at the time of sampling. However, RV-viremia has been described to be mainly detected during the early stages of disease symptomatology [14] , and the viral load of RV was substantially higher among our controls with RV-viremia. Thus the three RV-viremia positive controls could have been in the incubation period of illness at the time of sampling. One of the limitations of our study was that controls were not systematically followed up post sampling, hence we were unable to confirm that these children did not subsequently develop pneumonia that required hospitalization. A Finnish case-control study which enrolled asymptomatic controls in addition to cases with acute expiratory wheezing, observed that 38 % of the RV positive controls developed respiratory symptoms within the week following sampling [30] . Nevertheless, the detection of RV-viremia among community controls, even at the very low prevalence seen in our study was unexpected, and further highlights the challenges of defining the etiological role of RV in the pathogenesis of pneumonia. Study limitations included the cross-sectional study design which precluded us from studying the viral load over time and in relation to the onset of disease. Further, almost 50 % of cases had more than one virus detected thus we were unable to determine which virus or combination of viruses were the cause of the disease episode as there is no gold standard when it comes to diagnosing pneumonia. Additionally, the small sample size of RV-viremia positive cases and controls could have limited our power to discern clinical severity differences. Future studies will need to look at characterizing the RV molecular epidemiology and presence of viremia at the remaining 6 PERCH sites in Africa and Southeast Asia. Further, the RV typing method used in this study targeted the non-coding region (NCR) which has been shown to have a higher sensitivity for typing in clinical samples [21, 22] ; however, the NCR is less conserved thus sequencing of the conserved capsid region to confirm the RV-C typing would be beneficial in order to study the importance of RV species in severe disease in greater detail.
In conclusion, RV-viremia was significantly more prevalent among children hospitalized with pneumonia; albeit at very low prevalence. Thus suggesting that RV-viremia could be used as a measure for attributing a causal role for RV in severe childhood disease; however, the clinical utility of RV-viremia detection during severe disease episodes is limited. 
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